Industrial clusters provide an interesting example of local systems of production that are facing global competition. The firms' processes acquire raw materials, convert them into final products, and deliver final products to retailers. Short and long range transfers of materials and energy are becoming crucial for clusters' competitiveness. Logistics activities have a particular importance for geographic clusters where production activities and residences are remarkably diffused and this results in high mobility and environmental problems. The coordination of transport demand implies a new integration and organization of logistics not only to reduce costs and enhance management control, but also to reduce their impact on the environment.
1. Introduction
Industrial clusters
Industrial clusters provide an interesting example of local systems of production trying to face global competition (Piore and Sabel 1984; Porter 1989; Krugman 1991; Markusen 1996) . Clusters are geographic concentrations of interconnected companies, specialized suppliers, service providers, firms in related industries, and associated institutions in a particular field that compete but also cooperate (Porter 1998) . Clusters may present different configurations: their location and organization vary from relatively confined areas, to clusters that transcend local planning authorities areas and even regional boundaries. Referring to the term industrial district Markusen (1996) distinguishes four types of clusters: i) Marshallian industrial districts, regions where the business structure is comprised of small, locally owned firms that make investment and production decisions locally, and the Italianate variant of the Marshallian industrial district model, mainly characterised by the fact that firms consciously network with each other to solve problems; (ii) hub-and-spoke industrial districts present in regions where a number of key firms and/or facilities act as anchors or hubs to the regional economy, with suppliers and related activities spread out around them like spokes of a wheel; (iii) satellite platform, a congregation of branch facilities of externally based multi-plant firms; (iv) stateanchored industrial district, where a public or non-profit entity, be it a military base, a university, or a concentration of government offices, is a key anchor tenant in the district.
Anyway, even in the globalization era, a cluster is somehow a concentration of firms, which is embedded within a local community and which benefits from collaboration, and from cognitive and material relationships. The firms' processes operate exchanging materials and energy in the local area and with the outside market, as the openness degree of the cluster increases. So, short and long range transfers of materials are becoming crucial for clusters competitiveness and logistics is assuming a relevant role both at company and cluster level. Increasing efforts need to be spent in coordinating logistics flows and markets to increase efficiency and mitigate environmental impacts.
Logistics for clusters
With globalization, few products for sale in any country are entirely produced by domestic firms making use of domestic inputs only. It has become the rule rather than the exception that the product, components of the product, or resources used in the production of the product are of foreign origin. Enterprises are forced to reorganize their business processes, to be able to react quickly and cost effectively on fast changing market demands.
The movement of freight has significant environmental effects, which are accentuated by the growing market share
Interdisciplinary Information Sciences, Vol. 14, No. 1, pp. 25-41 (2008) of the most energy intensive modes of transportation (truck and air 1 ) and the relative decline of other modes (ship and rail 2 ) (EEA 2004). The EU White Paper on Transport Policy (CEC 2001) recognises that transport energy consumption is increasing and that 28% of CO 2 emissions are now transport-related. Carbon dioxide emissions continue to rise, as transport demand outstrips improvements in energy-related emissions. The sector with the largest projected increase in EU-15 emissions is transport.
Many analysts have also overlooked the environmental efficiency associated with larger scale production (Gosso 2005) . Moreover, the indirect or second-order effects often dwarf the direct environmental effects of changes in transportation. These effects, which result from the changes in behaviour induced by changes to the transportation system, include changes in the number and organization of business as well as the proliferation of products facilitated by information technology (Cortright 2001) .
One of the core concepts in transport and economic geography leans on the assumption that transportation is a derived demand. Without activities taking place at an origin and destination, transportation loses its purpose and thus cannot take place (Bamford 2001) . Transportation is consequently an activity which is dependent on other activities; an auxiliary function much like a service. Fairly unnoticed from the economic geography and transport community, there has been a growing body of evidence that questions this core concept. It has been argued that contemporary developments in freight distribution underline a new dynamic environment, often global in scale, which challenges the conceptualization of transportation as a derived demand (Hesse and Rodrigue 2004) . Logistics is thus more than a functional change in freight distribution, since the paradigm it provides changes the structure of distribution itself.
It must be readily acknowledged that the functions of production, consumption and distribution have become closely embedded making their respective differentiation problematic. The emergence of time-constrained distribution systems (i.e. just-in-time) is mainly the results of pressures from manufacturing and retailing activities seeking to improve efficiency and productivity. The reduction of transport costs helped this process, but paradoxically, as transport costs and inventory levels dropped, the value of time increased. The certainty of time becomes as important as the shortness of time in distribution (Cortright 2001) . Integrated transport demand implies a new geography of logistics which has implications for freight planning and forecasting models.
Logistics and transportation activities have a particular importance also in small enterprise systems where productive activities and residences are remarkably diffused and this results in high mobility and environmental problems. But historically logistics has been considered an issue deserving modest priority and in fact SMEs are not able to manage their logistics needs. In studies on the development processes of industrial clusters, logistics deficiencies are often stressed as important causes of crisis and loss of competitiveness (Lattarulo 2001) . The firms tend to focus on the core business. The lack of interest for logistics indicates a prevailing attention to competition on the product and substantial short-sightedness as far as potential innovative and competitive supply and distribution are concerned. But nowadays logistics starts to be seen as a value-adding process that directly supports the primary goal of an enterprise, which has to be competitive in terms of a higher level of customer service, competitive price and quality, and flexibility in response to market demands.
In the industrial clusters the geographic concentration of production processes and their outsourcing policies, set the need for a strong coordination and management of the logistics flows, both inside and outside the geographic boundary. Not only it is necessary the coordination of these flows to reduce costs and enhance management control, but also to reduce their impact on the environment. In fact, coordination implies a complex organisation of the deliveries, it affects costs and timely deliveries reducing the number of transfers. Coordination at the cluster level means that the stakeholders involved have to understand the benefit to share services despite the sometimes ruthless competition.
In this paper, logistics flows in an industrial cluster are analyzed adopting a particular enterprise input-output model based on production processes. Coordination policies for logistics flows among production processes are compared in terms of performance and of impact on the environment. A case study related to an Italian cluster producing leather upholstery is considered and different coordination policies are compared also in terms of impact on productivity and environment.
Input-Output Model Based on Processes
Input-output (I-O) models can use a level of disaggregation which involves dividing up the economy by sectors and/ or regions. A familiar example of this is the input-output model that takes the form of a matrix, recording the pattern of materials and energy flow between industrial sectors, and between each sector and the final customer (Miller and Blair 1985) .
But this level might not be enough if micro-scale and local economy are considered (like a single enterprise or a system of enterprises, such as an industrial cluster). Analyses at a level of aggregation that takes into account the widely different resources, materials, forms of energy, and production processes to which technological changes specifically apply should be carried out. Therefore, the level of aggregation used in published I-O tables, even if regionalized, can be still much too broad for accurate analysis for industrial clusters.
At a commodity level of disaggregation, it is apparent that the same commodity can in many cases be produced by several alternative processes. A still higher level of disaggregation is therefore needed. The higher the level of disaggregation the better the conformity to actual materials/energy flows. Both a technological and an economical analysis are therefore pursued, this enabling to correlate process technologies with energy needs.
The drawback of working on a micro-scale analysis is the lack of constancy in the input coefficients, because it is sufficient the technological change in a process to modify the input coefficients. But on the other hand, because of the small scale, it is easy to know which technological changes are employed in one or more processes and the modifications to apply to the technical coefficients.
Enterprise input-output model is a general term for a set of models with applications to various cases in business. When applied to a single firm, the model considers the firm's departments a suitable level of disaggregation. For a group of firms, the appropriate level can be the firms themselves. In an industrial cluster or product chain, the different phases in the production process may be viewed as the significant level. Enterprise input-output models have received growing attention in the 1990s (i.e. Lin and Polenske 1998).
Enterprise input-output accounts are useful to complement the managerial and financial accounting systems currently used extensively by firms (Polenske 1997; Marangoni and Fezzi 2002; Marangoni et al. 2004 ; see Stone 1969 , for an early contribution). In particular, Lin and Polenske (1998) built a specific input-output model for a steel plant, based on production processes rather than on products or branches. Using a similar approach, Albino et al. (2002 Albino et al. ( , 2003 have formulated models that analyze the complex network of materials, energy and pollution flows that characterize the supply chain of a final product (see also Tang et al. 1994, or Grubbström and Tang 2000) .
At the single firm's level the enterprise input-output model is useful to coordinate and manage internal and external logistics flows. At the level of the whole industrial cluster the enterprise input-output model can be effective to analyse logistics flows and to support coordination policies among firms and their production processes. Accordingly, in this paper the industrial cluster is considered as a network of production processes which transform inputs into outputs. Then, raw materials, semi-finished products, energy and waste flows among processes are modelled using input-output techniques. Flows between cluster processes and the environment are considered to take into account waste and energy.
Similar production processes are modelled as a simple aggregated process. Then, the network can be modelled at the aggregated or disaggregated level.
Similarly, the transportation of materials within the cluster is modelled in an aggregated and disaggregated way to create a complete account for logistics flows in the industrial cluster. Starting from the disaggregated representation of processes, different coordination policies ranging from hierarchy to market are examined and modelled. The effects of such policies on input-output coefficients of the industrial cluster model and on logistics flows are evaluated.
The Models
In this section two models are proposed for industrial clusters using input-output approach based on processes, namely the aggregated and disaggregated models.
The aggregated model
At the aggregated level, an industrial cluster is considered as a network of production processes where each production process is the aggregation of all similar processes occurring in the cluster. This network can be fully described if all the interrelated processes as well as input and output flows are identified.
The proposed enterprise input-output model is based on a previous input-output model that uses physical units (Albino et al. 2003) . It has been modified to take account of the transports which allow input-output flows.
Transportation is modelled as a production process which provides other processes with inputs consisting of logistics service. Different transportation systems require to be modelled as different transportation processes.
Let Z 0 be the matrix of domestic (i.e. to and from production processes within the cluster) intermediate deliveries, f 0 is the vector of final demands (i.e. demands leaving the cluster), and x 0 the vector of gross outputs. If n processes are distinguished, including transportation as production process, the matrix Z 0 is of size n Â n, and the vectors f 0 , and x 0 are n Â 1. It is assumed that each process has a single main product as its output. Each of these processes may require intermediate inputs from the other processes, but not from itself so that the entries on the main diagonal of the matrix Z 0 are zero. The main product of transportation is the distance covered within the cluster by the transportation mean to convey all main products to their destinations, i.e. the value of final demand for the transportation process is equal to zero. Of course, also other inputs are required for production. These are p primary inputs (i.e. products not produced by one of the n production processes) that include various types of energy. Next to the output of the main product, the processes also produce m by-products and waste. r 0 and w 0 are the primary input vector and the by-product and waste vector of size p Â 1 and m Â 1, respectively.
Define the intermediate coefficient matrix A as follows:
where a ''hat'' is used to denote a diagonal matrix. We now have:
It is possible to estimate R, the p Â n matrix of primary input coefficients with element r pj denoting the use of primary input p per unit of output of product j, and W, the m Â n matrix of its output coefficients with element w mj denoting the output of by-product or waste type m per unit of output of product j. It results:
Note that the coefficient matrices A, R and W are numerically obtained from observed data. A change in the final demand vector induces a change in the gross outputs and subsequently changes in the input of primary products, and changes in the output of by-products and waste.
Suppose that the final demand changes into " f f , and that the intermediate coefficients matrix A, the primary input coefficients matrix R, and the output coefficients matrix W, are constant (which seems a reasonable assumption in the short-run), then the output changes into:
Given this new output vector, the requirements of primary inputs and the outputs of by-products and waste are:
where " r r gives the new p Â 1 vector of primary inputs, and " w w the new m Â 1 vector of by-products and waste types. However, this aggregated model is not able to make distinction between primary inputs transportation and outputs transportation. To overcome this limit, we add virtual processes. Each virtual process, corresponding to a specific primary input, has an output that can be transported to all the production processes requiring that input. For each virtual process no inputs are allowed from the production processes. Moreover, the primary input of a virtual process is equal to the sum of the corresponding primary input of all production processes.
Then, if we assume to have one transportation process only serving the cluster, each of the n-1 processes requires inputs from the n-th process, i.e. the transportation process T. In particular, being the final demand of process T equal to zero, its output is required by the n-1 actual processes of the cluster, and by the p virtual processes. As a consequence, the concept of intermediate coefficient associated with the transportation process can be extended.
As shown in Fig. 1 , let us consider two production processes, j and k, two virtual processes, v 1 and v 2 , corresponding to two primary inputs from outside cluster, r 1 and r 2 , respectively, and the process T having, for the sake of simplicity, no intermediate deliveries from process j and k, and no primary inputs. No waste and by-product outputs are considered.
Then, the domestic intermediate deliveries of process T, v 1 , and v 2 to the process j and k are equal to: where a Tj , a Tk , a v 1 j , a v 1 k , a v 2 j , and a v 2 k are the intermediate coefficients related to process T, v 1 , and v 2 , respectively. Let us consider that a v 1 j , a v 1 k , a v 2 j , and a v 2 k correspond to r 1j , r 1k , r 2j , and r 2k which are the primary input coefficients of the model without virtual processes v 1 and v 2 . z Tj and z Tk represent the distance covered by the transportation mean to convey the total output of process j and k, respectively, to their geographical destination (to production processes and outside the cluster).
In order to account for the distance covered inside the cluster by primary inputs, we consider the virtual processes v 1 and v 2 located on the cluster border. So, the related intermediate coefficients can be estimated as:
and
where z In Table 1 the balance table shows the materials/energy account of the example of Fig. 1 . So, to account for all the distance covered in order to produce an unit of the main product of process j, we define an extended intermediate coefficient a
In a similar way, we have:
The disaggregated model
In the previous section we propose the use of an enterprise input-output model to analyse logistics flows between aggregated processes in an industrial cluster. Processes and flows can be modelled in a disaggregated way to take into account actual logistics flows between micro-processes (production units) in the industrial cluster. The disaggregated model is then suitable to estimate the intermediate coefficients related to the actual transport process as well as to evaluate the impact of specific coordination policies on the above coefficients. Now, let us consider two processes, j and k, where process j supplies process k. The disaggregated flow between the generic supplier (s) and customer (d) micro-processes belonging to process j and k, respectively, can be represented as in Fig. 2 where arrows correspond to customer-supplier relationships.
Actual flows result from the matching of the actual supply and demand of main products operated by each microprocess and from the specific coordination policies adopted by customers, suppliers and logistics service providers.
As shown in the previous section, during the time interval assumed for the analysis, the flow of the main product of process j to process k is equal to z jk .
If process j results from the aggregation of N s micro-processes, let us define j the set of all micro-processes forming process j. Similarly, if process k results from the aggregation of N d micro-processes, let us define k the set of all microprocesses forming process k. Let us define N sd be the total number of customer-supplier relationships between s and d micro-processes. Now, let us assume that the time interval considered for the analysis of process inputs and outputs (the one used in Table 1 . Balance table for the example of Figure 1 .
the aggregated model) can be divided into N t time periods being t the generic time period for the analysis of flows between micro-processes. So, during each time period t the flow X ðtÞ sd of main product may occur from the micro-process s to the microprocess d.
Then, it results:
Similarly, main products can flow from micro-processes s to outside cluster. In Fig. 3 the logistics flows from micro-processes s of process j to outside cluster are shown. Let us define X ðtÞ so be the flow of the main product of micro-process s to outside cluster during the time period t. Then, it results:
Let us define L ss , L sd , L dd , and L so be the distance between origin s and another origin s, between origin s and destination d, between destination d and another destination d and from origin s to outside cluster, respectively. The last one is assumed to be measured as the average distance between origin s and the boundary of the cluster. So, the total output of the transportation process provided to process j, z Tj , to transport main products to process k and to outside cluster can be evaluated taking into consideration the number of trips required. Let us consider Y 
This result can be easily extended to the case where j supplies more processes, obtaining: 
where the sum over k takes account of all processes served by process j. Using data related to actual logistics flows, the disaggregated model allows then to estimate the intermediate coefficient a Tj as:
The
Logistics Flows and Coordination Policies
The disaggregated model permits the analysis of the impact of different coordination policies for logistics flows on the intermediate coefficients associated with the transport process. These coefficients are estimated using data related to actual logistics flows which reflect the actual coordination policy.
However, logistics flows can occur during the time period t following different rules depending on the level of coordination characterizing the transactions among the different players/owners of each micro-process. In fact, microprocesses are production units generally owned by different companies as well as the provider of the logistics service may be a different company.
Then, different coordination policies can be tested to evaluate how such policies can affect logistics performances in the industrial cluster model such as a Tj coefficients. If coordination is assumed to be related only to the aggregation of logistics flows in order to reduce the number of the transportation trips required, specific policies are recognized. In particular, they range from pure hierarchy to pure market.
Pure market policy assumes that each logistics flow is operated independently from all other flows and no coordination is possible. Logistic service is dedicated to each demand to be satisfied by each corresponding supply.
Pure hierarchy policy maximizes the filling of transportation units allowing the aggregation of all logistic flows. This occurs in the case the hierarchical control of all logistics flows is allowed.
Then, to evaluate how a Tj can be affected by the coordination policy, four cases are considered as the combination of two coordination policies and two levels of uncertainty for logistics flows.
For the sake of simplicity, the four cases are defined for a couple of process where process j is assumed to supply only process k and outside cluster.
For both the coordination policies, in any time period the logistics flow between each micro-process s to any microprocess d, and to outside cluster is assumed to be:
respectively. So, based on the actual data, each logistics flow is assumed to be equal to the average value of logistics flows over all time periods N t , and, as a result, period-independent. In the first coordination policy, in any time period, each flow is managed as a separate market transaction. This is a pure market and period-independent policy.
In the second coordination policy, in any time period, flows are coordinated in a way to assure the minimization of the number of transportation trips for that time period; this corresponds to a pure hierarchy and period-independent coordination policy.
Then, two levels of uncertainty are considered assuming flows to be represented by deterministic or stochastic variables. If X sd and X so are random variables, then it holds:
respectively. In particular, in order to get the maximum degree of uncertainty for a discrete and positive random variable, X sd and X so should be assumed to be Poisson random variables. In this section, however, they are considered general random variables. So, the following four cases result: -Pure market and period-independent policy, and deterministic flows;
-Pure market and period-independent policy, and stochastic flows; -Pure hierarchy and period-independent policy, and deterministic flows; -Pure hierarchy and period-independent policy, and stochastic flows. Based on the different assumptions of each case, we set:
-X sd and X so be the deterministic/random variables corresponding to the quantity of products to be transported from origin s to destination d, and to outside cluster, respectively, in each period t; -C be the maximum quantity of product transported by each trip; -Y sd and Y so be the deterministic/random variables corresponding to the number of trips required for the product transportation from origin s to destination d, and to outside cluster, respectively, in each period t; -N jk and N jo be the deterministic/random variables corresponding to the number of trips required for the product transportation from process j to process k, and to outside cluster, respectively, in all periods; -z jk and f k be the deterministic/random variables corresponding to the number of products to be transported from process j to process k, and to outside cluster, respectively, in all periods; -A sd and A so be the deterministic/random variables corresponding to the utilization rate of all trips from origin s to destination d, and to outside cluster in any period; the utilization rates, A jk and A jo , of all trips from process j to process k, and to outside cluster, respectively, are defined as the average values of all A sd , and A so , respectively. Now, knowing actual values for all variables X sd and X so , for each case we can compute a Tj as well as other logistics performance measures. Pure market and period-independent policy, and deterministic flows It results:
The utilization rate, A jk , can be computed as follows:
A jo can be similarly computed. Now, a Tj can be evaluated as:
Pure market and period-independent policy, and stochastic flows If the discrete probability distribution is known for each X sd and X so , it results for each couple (s,d):
for k ¼ 1; 2; 3; . . . and for each couple (s,o):
for k ¼ 1; 2; 3; . . . Then, we have:
with expected values:
EðY so Þ ð 29Þ
EðX so Þ ð 30Þ
The utilization rate, A jk , can be computed being:
and having no trip for r ¼ 0. Then, we define:
Pure hierarchy and period-independent coordination policy, and deterministic flows For the sake of simplicity, let us neglect the logistics flows between origins and between destinations aimed at maximizing the utilization rate of all trips. It results:
where L jk and L jo are the following weighted average distances from all micro-processes s to all micro-processes d and cluster outside, respectively:
Pure hierarchy and period-independent coordination policy, and stochastic flows For the sake of simplicity, let us neglect the logistics flows between origins and between destinations aimed at maximizing the utilization rate of all trips. If the discrete probability distribution is known for each X sd and X so , it results for flows between process j and process k:
and for flows between process j and outside cluster:
Then, we have:
EðX so Þ ð 46Þ
A Case Study
An Italian industrial cluster has been considered as a case study. It is geographically located in the Murgia area that belongs to two Italian regions in Southern Italy, Puglia and Basilicata, and, in particular, to the municipalities of Altamura, Matera, and Santeramo in Colle. The cluster is specialized in upholstery production. Some activities, such as wood frame assembling, leather cutting, polyurethane preparation, sofa assembling, are performed within the cluster by different firms. Most of the leather sofas (i.e. the final product) are exported and the most important firm of the cluster is the world market leader. The cluster is characterized by supplier-customer relationships among the different firms co-located in the same area.
In the cluster area, the production process network distinguishes the eight production processes listed in Table 2 with their main products. These eight production processes are the key processes in the district in terms of their logistical, economical and technological importance. In terms of outputs, each production process is characterized by only one main product (a specific intermediate or final product), and by waste, pollution and by-products. Figure 4 indicates all the inputs and outputs required for each production process.
The output of process 8 consists of leather sofas that leave the factory after final inspection (i.e. the controlling process). Because there are one-, two-and three-seat sofas, the output of the district is measured in seats (i.e., number of assembled and controlled seats). Note that, for example, the output of a two-seat and a three-seat sofa would thus be accounted for five seats.
In Albino et al. (2003) an enterprise input-output model has been applied to the eight production processes of the cluster. In this section we apply the aggregated and disaggregated models considering the transport (T) process and two production processes, namely ''polyurethane cutting'' (PC) and ''assembling'' (A), with a sample of corresponding micro-processes. The sample consists of three PC micro-processes supplying six A micro-processes. Data have been gathered for a period of six days. In Table 3 the distance between PC micro-processes and A micro-processes are reported.
The average quantities of cut polyurethane flowing each day from PC micro-processes to A micro-processes have been estimated and are shown in Table 4 .
It should be noted that in the actual case only leather seats (i.e. the output of process 8) are used to satisfy final demand. That is, they are sold to wholesale and retail traders outside the industrial cluster or directly to consumers. However, having considered the A process as the final process, we only consider the final demand of this process. Assembled seats are inspected in the same place where they are assembled; so, no transportation will be required for assembled seats. Moreover, at the present, PC and A processes do not import any intermediate products. Table 2 . Production processes and main products with their abbreviations. 
Analysing Logistics Flows in Industrial Clusters Using an Enterprise Input-Output Model
Two primary inputs have been considered: the polyurethane for PC process and wadding for A process. All of them come from processes located outside cluster. Then, two virtual processes have been modelled, v 1 and v 2 , to take into account the transportation of primary inputs.
The aggregated model is used first to consider the logistics flows between the process ''polyurethane cutting'' (process j) and ''assembling'' (process k) and then to estimate the pollutant emissions in the cluster area because of transportation.
The balance table referred to one week is reported in Table 5 . Then, the intermediate coefficients can be computed (Table 6 ). In Table 7 the values of some logistics performance measures related to the actual case (with C ¼ 24 m 3 for all trips) are reported.
If the extended intermediate coefficient a
Ã
Tj is evaluated, all the transportation inputs required to produce and deliver a cubic meter of cut polyurethane are accounted. A significant difference is observed being: Table 6 . Intermediate coefficients. In fact, in this case, the transportation input to convey primary inputs to process j is greater than the one needed to deliver the output of process j. Pollutant emissions caused by truck transportation can be evaluated considering that emissions depend on the maximum truck load. In Table 8 data from the literature (APAT 2003) are reported.
In the actual case (C ¼ 24 m 3 ), corresponding to truck load greater than 3.5 t, the output coefficients are computed and shown in Table 9 .
Pollutant emissions caused by the transportation of the output and of the primary inputs of process j and k are shown in Table 10 .
These results can be used to estimate how much pollutant is emitted to produce each seat of sofa based on the processes considered in the model. For instance, for each seat 1172 g of CO 2 are emitted only for the logistics flows taken in consideration. The aggregated model can be useful for planning purposes. In fact, it is possible to evaluate how a change in the final demand of assembled seats, different logistics services, and improvements in technology, can modify intermediate and output coefficients as well as pollutant emissions. Also, suitable policies can be tested and compared.
As an example, the increase of 10% of the final demand of assembled seats in a year can result in the growth of CO 2 emission caused by transportation comparable with the CO 2 emission required to produce 9.5 MWh.
The disaggregated model is now considered to compare logistics performance of four cases based on different coordination policies of logistics flows. They are: -Case MD: Pure market and period-independent policy, and deterministic flows; -Case MS: Pure market and period-independent policy, and stochastic flows; -Case HD: Pure hierarchy and period-independent, and deterministic flows; -Case HS: Pure hierarchy and period-independent, and stochastic flows. If all X sd , referred to the time period of one day, are deterministic (cases MD and HD) or Poisson random (cases MS and HS) variables having deterministic and average values, respectively, reported in Table 4 , the impact of coordination policies on performance measures related to logistics flows is shown in Table 11 . Results are compared also for different values of C, namely 12 m 3 , 18 m 3 , 24 m 3 , 30 m 3 , and 36 m 3 . As a general result, pure hierarchy cases show better logistics performance than pure market cases, in terms of number of trips and utilization rates. However, only external logistics performance has been considered, whereas internal logistics performance measures for suppliers and customers are neglected. In fact, time responsiveness and stock cost can be evaluated only modelling time delay and stocks.
Comparing the actual case (Table 7) with the MD, MS, HD, and HS corresponding cases (i.e. C ¼ 24 m 3 ), we observe that the actual case shows performance values closer to HD and HS than to MD and MS. Then, the actual case is far from pure market operation conditions. This result is coherent with the fact that in the actual case suppliers of cut polyurethane take care of transportation. As a consequence, a kind of optimization has to be expected from the supply side, because suppliers hierarchically coordinate the transportation flows to their customers.
In Figure 5 logistics performance measures are depicted to point out how the actual case is far from the best and worst theoretical cases for each performance.
Also uncertainty affects logistics performance. The most interesting result is that in the pure market cases it reduces a Tj only for low values of C whereas a Tj increase for high values of C. It doesn't show any effect in the pure hierarchy case. The ratio between the average quantity daily transported and C seems to affect performance as it is possible to observe comparing deterministic versus stochastic corresponding cases for different values of C. Moreover, as C increases some benefits can be obtained in terms of performance. However, as C increases, being the asymptotic value of N jk equal to N sd for MD and MS cases and one for HD and HS cases, greater benefits are expected in the latter rather than in the former cases. However, more in-depth considerations are required to take account of the trade-off between internal operations and external logistics flows management for each process involved.
The models can be also adopted to evaluate pollutant emissions for different coordination policies and values of C. Results are shown in Table 12 .
For C ¼ 24 m 3 , HD is the best case for pollutant emissions. It is worthwhile to consider that emission reductions of approximately 30% result when a pure hierarchy coordination policy substitutes a pure market policy. For the same coordination policy, while some benefits in logistics performance can be obtained increasing C, from the pollution point of view significant benefits arise if smaller load trucks are adopted (see C ¼ 12 m 3 ). So, the models can be utilized to analyze the well-known trade-off problem between logistics and pollution performance.
In this case study, only transportation pollutant emissions have been considered being this paper focused on transportation modelling only.
Conclusions
The relevance of logistics for industrial cluster is increasing as the phenomenon of globalization progresses. The need to analyze logistics flows is stressed by the impact of logistics performance on the competitiveness of companies located in the cluster area and of the cluster as a whole.
In this paper we develop an enterprise input-output model to analyze the logistics flows of the cluster and to evaluate logistics and pollution performance. An aggregated model has been developed to account for transportation in a cluster. All transportation inputs required by a specific production process to acquire primary inputs and to deliver output are evaluated as well as their impact in terms of wastes (air pollution).
A disaggregated model is then proposed to compare the effects of different coordination policies, ranging from pure hierarchy to pure market, in terms of logistics and pollution performance.
Models have been applied to the case study related to an Italian cluster producing leather upholstery. In the case study, hierarchy coordination policies show better results than market ones. However, the trade-off between internal operations and external logistics flows management has not been considered. In fact, internal logistics performances can be evaluated only if variables such as time and stocks, related to internal operations management, are modeled.
Moreover, the economic trade-off between benefits on logistics performance and coordination costs, sustained by the actors belonging to the network of production process, should be evaluated.
The impact of uncertainty on logistics performance seems to depend on the ratio between C and the average quantity flowing between micro-processes. In the case study, in some range of values of C stochastic flows allow better results than deterministic ones.
Finally, as C increases, greater benefits are expected in the pure hierarchy rather than in pure market coordination policies.
The presented model allows also to evaluate the pollution caused by transportation, and the impact of coordination policies on pollutant emissions. The most interesting result is that less pollution is obtained increasing C values but a significant reduction can arise when trucks with a smaller maximum load are adopted. In this case, the benefit results because of significant lower emissions (output coefficients) of the transportation mean.
As a consequence, a well-known trade-off problem can be analysed balancing logistics and pollution performance using the proposed models. More general trade-offs can be investigated by the developed models being this paper focused on transportation modelling only.
As it results from the above considerations, the presented model can be effective to analyze at the cluster level policies for the management of logistics flows and wastes. In fact, as shown by the case study related to an Italian industrial cluster, the model can be useful for both accounting and planning activities.
Further researches should be devoted to analyze the mentioned trade-offs, and to extend the model to contexts different from industrial clusters. For instance, multinational companies, characterized by a network of processes requiring transportation, may be considered. In this case, the high degree of collaboration and competition among their units, as described by Malone (2004) , can sustain the coordination of an internal market. However, in this context coefficients need to be monitored in order to update them any time a change in technology occurs.
Notes
1 Air transport is growing by 6-9% per year in both the old and new EU Member States. 2 The market shares of modes such as rail are increasing only marginally, if at all.
